Continuous-state variable conductivity of nickel oxide/porous silicon nanocomposite thin films indicative of memristance is reported and a mathematical model for the observed behavior is proposed. The variable conductivity phenomena observed are shown to depend on the composition of the films. A generalized composite material conductivity model that explains the time-varying, field-dependent conductivity modulation is developed based on ionic defect migration in the metal oxide nanocrystallites. The model shows excellent agreement with experimental data and allows for estimation of ionic defect mobilities. Multicycle nonvolatility in the devices is shown to be on the order of 1000 s. The tunable conductivity of the nanocomposite is potentially useful in the fabrication of large-scale or high-power analog circuit elements such as memristors, and provides insights into ionic defect migration properties in nanocomposite materials.
I. INTRODUCTION
Analog resistance-state components, exemplified by continuous-state memristive devices, are expected to advance modern electronics by facilitating advanced circuit architectures such as hardware implementations of artificial neural networks. [1] [2] [3] Memristive devices include all two-terminal circuit elements whose resistive state depends upon the voltage or current history in a manner that can be mathematically described by a generalized charge-flux relationship. 4, 5 Many examples of memristive behavior have been observed in a diversity of systems including metal oxide semiconductors, [6] [7] [8] [9] [10] [11] [12] [13] [14] conducting polymers, 15, 16 and spintronic devices. 17, 18 Among these, the most widely investigated, and arguably the most successful recently, have been those based upon transitionmetal oxides.
Although the general properties of variable resistance behavior in metal oxides are widely known, [6] [7] [8] 10, 12, [19] [20] [21] a quantitative physical model of the phenomena is still not well established. It is agreed, however, that migration by ionic defect species plays a central role. 7, 10, 20, [22] [23] [24] [25] [26] [27] Metal oxides are commonly nonstoichiometric and rich in point defects that may be ionized at room temperature. 28 Such defects serve as mid-band-gap states that act as mobile donors or acceptors and, if spatially collocated, may comprise a conduction path for electronic transport. To exhibit significant conductivity, the defect density in a region must be sufficiently high to permit electron site hopping through that region. 29 In variable resistance metal oxide devices, ionic defects migrate under the influence of an applied electric field and vary in density throughout the volume of the oxide. Conductivity changes therefore arise when the defect mobility is high enough to facilitate defect density gradients across the structure and change interfacial barrier energies on practical time scales. This implies that both decreased size of the oxide region and increased defect mobility will result in greater changes in conductivity.
In this work we present a nanocomposite material, nickel oxide-hybridized porous silicon (NiO/PSi), as a model platform to facilitate the study of the mechanisms of conductivity variation in memristive devices. This composite material exploits both nanometer-scale oxide regions, and the large ionic mobility of nanocrystalline NiO to realize macroscopic (micrometer-scale or larger) memristive elements with significant conductivity variation. Measurement of the electrical properties of this material, which behaves macroscopically as an effective medium, allows for the evaluation of the physical model that we have posed to explain conductivity variation. We also show that the use of material composites offers the possibility to tune the macroscopic memristive properties of devices by altering the ratio of the nanocomposite constituents, which may have practical application in the engineering and production of variable conductivity devices.
As depicted in Fig. 1 , a macroscopic nanocomposite device essentially functions as a large number of nanometer-scale memristive elements concatenated in a large array. The memristive effect of each pore domain is dependent upon the size and geometry of that pore. Tunability in NiO/PSi device memristance characteristics is therefore achieved through variation of the average pore sizes of the PSi film, which changes both the volumetric composition of the composite and the nanocrystallite size of NiO infiltrated into the pores. While PSi films are characterized by a distribution of pore sizes, the distribution is very consistent over large areas, permitting the use of an average pore diameter in many analyses. The key properties of the composite material for achieving tunable memristance are a conductive nanostructured host material and an intercalating material that is known to exhibit variable conductivity. The choice, in this work, to utilize PSi as the conductive host was motivated by the ease of fabricating films with pore sizes from a few nanometers up to several tens of nanometers. The choice to employ NiO was motivated by previous demonstrations of resistive switching in singlecrystal NiO (Refs. 10, 20, 22, [30] [31] [32] [33] that required large electric fields due to low defect mobility. When confined to nanometerscale crystalline domains, however, oxides such as NiO exhibit significantly increased ion mobility. [33] [34] [35] [36] The synthesis of nanocrystalline NiO within a PSi matrix should therefore result in a macroscopic material that exhibits conductivity variation under significantly lower electric fields than pure NiO. By demonstrating this, we show that such nanocomposite materials are excellent candidates for macroscale variable conductivity devices, owing to the nanostructure of the material.
II. NANOCOMPOSITE MATERIALS

A. Fabrication
Nanocomposite NiO/PSi films were fabricated by direct infiltration of NiO sol-gel precursor into PSi films followed by subsequent annealing. The PSi films were first etched by a well-characterized electrochemical technique. [37] [38] [39] Silicon substrates (n + type, 100 orientation, 0.01 cm) are held in a Teflon electrochemical etch cell and serve as the anode in an electrochemical reaction with an aqueous solution of ethanol and hydrofluoric acid (15% HF, 15% H 2 O, 70% EtOH, by volume). Application of a constant current density with magnitude between 15 and 25 mA/cm 2 leads to the electrochemical formation of densely spaced nanometer-scale pores with average diameters ranging from ∼20 to 60 nm, respectively. Substrates were etched for 240 s each to yield PSi films 3-4 μm thick. Note that the n + doping of the substrate is an important consideration for the interpretation of the electronic properties of the nanocomposite.
To infiltrate NiO into the PSi, PSi films are submerged in 10 mL of sol-gel with an initial concentration of 50 mg/mL of nickel acetate tetrahydrate dissolved in 2-methoxyethanol (2-MOE). The solution is held at 65
• C for 18-24 h as the 2-MOE is evaporated. This process is analogous to liquidphase epitaxy and ensures that the pore interiors are maximally filled with NiO. The films were then annealed at 700
• C for 2 h in ambient air to promote crystallinity. Following annealing, films were polished lightly using 0.1-μm-grain alumina lapping films to remove any continuous superficial NiO layer. Conventional UV photolithography and metal deposition were then used to pattern Au contacts on the surfaces of NiO/PSi films forming symmetric metal-NiO/PSimetal devices (contact separations of 5 and 20 μm). (220) peaks indicate that the B1 crystalline phase is indeed present. Application of Scherrer's formula for nanoparticle diameter estimation, D = kλ/(βcos ), to the (200) peak using a shape factor of k = 0.9, a peak FWHM of β = 0.016 rad, and Bragg angle of = 0.379 rad, yields a crystallite domain size of ∼9 nm. While this value cannot be assumed to be highly accurate due to film geometry and size distribution, it serves as a verification of the nanometer-scale size of crystallites.
III. ELECTRICAL CHARACTERIZATION
Electrical characterization of the devices was then carried out by applying a variety of voltage signals and simultaneously measuring the current through the devices. For these measurements, tungsten probes were used to make electrical contact to the NiO/PSi devices, which were driven by a Keithley 2400 source meter operated by custom LABVIEW routines. It is important to note that devices were also tested with a voltage-to-current circuit consisting of an operational amplifier to verify behaviors reported here. 40 The application of a sinusoidal voltage signal to NiO/PSi films results in pinched hysteresis loops in the current-voltage (I V ) domain, which are expected from memristive systems. 5 Figure 3(a) shows typical hysteresis loops for a NiO/PSi device (55-nm average pore diameter, 5-μm contact separation) when an ac signal of sequentially increasing magnitude is applied. Here, ten periods of 0.1-Hz ac signals were applied with magnitudes ranging from 0.5 to 5 V in 0.5-V increments. The hysteresis I V loops are approximately symmetric, although some asymmetry is apparent in most devices, especially at higher electric fields. The hysteresis curves are noncrossing at the origin, and this behavior is accounted for in our model for variable conductivity.
NiO/PSi devices of different average pore diameter, as dictated by different etch currents, were compared to understand the relationship between mean pore size and device electrical behavior. The electrical properties of the macroscopic NiO/PSi film are expected to depend upon PSi morphology in a number of ways. First, because film pore diameter correlates directly with porosity (i.e., as pore size increases, so does porosity), it is expected that films with small pore diameters (low porosity) behave more like pure silicon and therefore do not exhibit a high degree of variable conductivity. Similarly, films with larger pore diameter are expected to exhibit a greater degree of conductivity variation due to the higher content of NiO that occupies the pore interiors. Figure 3(b) compares the I V hysteresis loops of three NiO/PSi films (5-μm contact separation) with different average pore diameters: 21, 36, and 55 nm, corresponding to 41%, 49%, and 67% porosity, fabricated using etch current densities of 15, 20, and 25 mA/cm 2 , respectively. The lowest-porosity film exhibits almost negligible conductivity variation, as hypothesized. With increasing porosity, the degree of conductivity variation grows, as indicated by the increasing "openness" of the hysteresis curves. This can be quantified by comparing the resistance values for a single device, taken at a specific voltage during both the increasing voltage region of the curve and the decreasing voltage region. Considering these resistances at 2 V, for example, the 55-nm average pore diameter device resistance changes by a factor of 6.5 (from 2.46 to 0.37 k ), the 36-nm pore diameter device changes by a factor of 2.6 (from 1.26 to 0.48 k ), and the 21-nm average pore diameter changes by a factor of only 075307-3 1.1 (0.35 to 0.32 k ). Importantly, films of pure NiO deposited on planar (nonporous) Si films showed significantly higher resistance (>1 M ) and exhibited no observable hysteresis. This demonstrates that the hybridization of NiO with PSi allows for tunability of device electrical properties.
In order to better understand the conductivity variations observed, the current saturation of the devices under fixed applied dc voltages was measured and analyzed. Current saturation behavior provides a means to test the underlying hypothesis that the mechanism of conductivity variation is ionic defect migration in the NiO. Because the ionic defects can only migrate within the NiO, the time variation in current should be dictated by the transit time of the defects across the nanocrystalline NiO interior of the pores. For these measurements, current through a NiO/PSi device 41 (44-nm pore size, 20-μm contact separation, 100-μm contact length) was measured as a fixed voltage was applied for 300 s, followed by the application of the same voltage in the opposite direction for 300 s to effectively "reset" the device to its initial ion distribution. Voltages ranged from 1 to 6 V in 0.2-V increments (electric fields of 500-3000 V/cm in 100-V/cm increments). It is important to note that the total current through a device is due to both thermionic conduction across the interfacial barrier and conduction through the PSi matrix, which may be due to either band conduction or percolation conductivity: I total (t) = I barrier (t) + I PSi (t). [42] [43] [44] [45] Therefore, to delineate the two contributions, an identical device was fabricated from pure PSi that had not been hybridized with NiO. The currentvoltage characteristics of this PSi device were measured, and the current contribution from the PSi-only device was subtracted from the total measured current in the NiO-PSi device. The resulting subtracted current is referred to herein as the barrier current, I barrier , contribution.
The saturation of the total device currents for this test is shown in Fig. 4(a) , with every other curve omitted for clarity. It is evident that the current saturation time decreases with increasing applied electric field. Importantly, analysis reveals that the current through the devices at any given time is an exponential function of applied field, shown in Fig. 4 (b) along with the subtracted PSi-only contribution, I PSi . This behavior suggests that it is a change in barrier height between the NiO and Si regions that is responsible for the variation in film conductivity.
IV. THEORETICAL MODEL
Based on the results shown in Figs. 4(a) and 4(b) , we propose to model the continuous-state variable resistance of our nanocomposite devices based on the migration of defects towards the NiO-Si interface under applied voltage resulting in the decrease of effective barrier height at the interface, as illustrated in Fig. 5 . This model depends upon two straightforward assumptions: (1) There is a sufficient density of defects within the NiO to allow hopping conduction to occur across the pore, and (2) there is a distribution of defects both spatially and in energy due to different local environments of ionized point defects. With a high defect density, and a continuum of energy states, site hopping can occur easily between ionic defects, and the nanocrystalline NiO region becomes much more electronically conductive than bulk-phase NiO. 29 Initially the defects are spatially distributed uniformly as shown in Fig. 5(a) . The ionized defects are mobile, however, and migrate towards the NiO-Si interface under an applied electric field. The effective barrier height is thereby reduced as ionized defects with electron energy states close to that of the Si conduction band approach the barrier, as illustrated in Fig. 5(b) . If the applied voltage is reversed after some time, as in the case of hysteresis measurements (Fig. 3) , current is then limited by the interface at the opposite side of the NiO pore interior until defects again migrate to that interface, thereby reducing the effective barrier as shown in Fig. 5(c) . This symmetric change in barrier height explains the noncrossing behavior observed in hysteresis measurements. Because of the high defect density and continuum of electron energy states occupying the ionized defects in NiO, we base our mathematical model on the formula for thermionic emission across a metal-semiconductor barrier: Following reversal of applied voltage, a large energy barrier is again encountered at the opposite pore interface that persists until defects again migrate to that interface. E F indicates the equilibrium Fermi level, and E F 1 and E F 2 are the nonequilibrium, quasi-Fermi levels on either side of the NiO-filled pore.
where J 0 is the saturation current density, q is the electron charge, φ barrier is the interfacial barrier energy, V applied is the applied voltage across a single interface, n is the ideality factor, and kT is the room temperature thermal energy. It is then assumed that the change in barrier height slows in an exponentially decaying manner as ionic defects accumulate at the NiO-Si interface, thereby creating an opposing electric field: 
in which S is the device contact spacing and V is the applied potential. 47 It is noted, however, that Eq. (3) assumes homogeneous average conductivity over the NiO-PSi region, and can therefore only be presented as a first-order approximation. Since the factor J 0 in Eq. (1) is a current density, and must be multiplied by an effective interface area, A, which cannot be directly measured in this system, the factor is replaced by a fitting variable I 0 = AJ 0 . Then, substituting (2) into (1) yields
This embedded exponential form provides a useful model for the electrical current flowing across a time-varying barrier height. Additional terms may be added to this equation to heuristically model multiple defects with different mobilities, such that
Two limiting cases are examined to further validate the applicability of Eqs. (4) and (5) in modeling the data. Evaluating these equations for times t = 0 and t → ∞, simple expressions are reached for the barrier current:
Equations (6) and (7) allow a straightforward analysis of the current through the NiO/PSi device at t = 0 and t τ sat , to arrive at approximations for the overall change in effective barrier height and time constants, τ i . Figure 4(b) shows the device current as a function of voltage at t = 0 s and t = 300 s. As Eqs. (6) and (7) predict, both curves are exponential functions of voltage with different effective barrier heights. These data may be fitted to obtain changes in effective barrier height. It is important to note that Eqs. (6) and (7) are overparametrized and do not directly allow unambiguous fitting to the curves in Fig. 4(b) . This is because I 0 and the barrier-containing exponential factor both result in an effective magnitude change (i.e., "multiplier") of the voltage-dependent factor. However, dividing Eq. (6) by Eq. (7) Fig. 4(c) . The magnitude of φ is underestimated for voltages less than approximately 3 V. This may be because I (t) does not saturate during the measurement period for these applied voltages, but it may also be due to the immobility of some defects below a critical applied voltage. However, the value for φ converges to approximately −71 meV around 3.6 V. This value for φ is then used to fit the saturation currents in Fig. 4(a) . Note that only the change in effective barrier height is necessary to fit the saturation currents to Eq. (5); the additional exponential factor containing φ b,Final can be absorbed by the leading coefficient for each term, I i , replacing it with a modified leading coefficient, I i ≡ I i exp(−qφ b,Final /kT ).
V. RESULTS
Applying Eq. (5) with the aforementioned modification resulted in excellent fitting of the measured saturation currents. Fitting was carried out with ORIGIN software using up to five terms of the summation in Eq. (5). The fits agree very well qualitatively, and the average reduced R 2 value for the single-term fits was 0.955 ± 0.018. 48 Including two terms in the fit yielded significantly better results, shown in Fig. 4(d) , with an average reduced R 2 value of 0.989 ± 0.008. Including three terms resulted in only a slight improvement (average reduced R 2 = 0.994 ± 0.007), and including more than three terms did not yield appreciable improvement. These results indicate that the model presented is empirically sound, and that two terms (associated with two defect mobilities) are sufficient to describe the data. It is notable that, while the quality of the two-term data fit does not necessarily indicate that only two distinct ion mobilities exist, NiO is known to have two defect species that dominate its ionic conductivity (singly and doubly charged cation vacancies). 49 The time saturation constants extracted from the two-term fit are shown in Fig. 4(e) . The time constants, τ 1 and τ 2 , form two curves, both of which decrease with increasing voltage, as expected. Importantly, these time constants may be used to estimate approximate ionic defect mobility by employing Eq. (3). Using the film's average pore diameter of 44 nm, the mobilities associated with the time constants at each applied voltage are calculated and presented in Fig. 4(f) . The estimated mobilities extracted from the two-term analysis are approximately 3.4 × 10 −10 cm 2 /V s and 6.4 × 10 −11 cm 2 /V s for μ 1 and μ 2 , respectively.
Finally, we present measurements of state persistence taken on NiO/PSi devices. State persistence, a concept closely related to nonvolatility, is the ability of a variable conductivity device to maintain its most recent conductive state when no power is applied. This property was tested with a straightforward procedure in which NiO/PSi devices were pulsed periodically (i.e., a "pulse train") with a positive driving voltage while concurrently measuring current through the devices. It is expected that a memristive device that maintains its state from pulse to pulse will show continued current growth (resistance reduction) from one pulse to the next. The longest duration over which the state of the device may be maintained is referred to here as the state-persistence time. Figure 6 shows state-persistence data for a NiO/PSi device (44-nm average pore size, 20-μm contact separation) under two such tests. Figures 6(a) and 6(b) show measured current when driven by pulses at 0.1 and 0.001 Hz, respectively. From Fig. 6(a) , it is clear that state retention is exhibited, and that the state-persistence time is greater than 100 s. Figure 6 (b) shows some fluctuation during the current growth and the onset of current saturation after 35 000 s. Nonetheless, the growth of the current through the device indicates that the state-persistence time is greater than or approximately equal to 1000 s. It is informative to examine the individual pulses, as illustrated in Fig. 6(c) , to gain further insight into the relationship between the defect mobilities, discussed above, and conductivity changes. Each voltage pulse induces an initial, rapid increase in conductivity followed by a slower, smaller-magnitude conductivity change, identical to the saturation curves previously presented. The apparent fast change in conductivity, however, occurs at the onset of each pulse and is not retained between pulses separated by more than a few seconds. The slower, smaller-magnitude conductivity change, however, results in longer-term state persistence. This suggests that the higher-mobility defect species which give rise to the quick conductivity variation also diffuse rapidly and therefore provide no state retention, while the lower-mobility species maintain their voltage-induced redistribution and serve to facilitate the memory effects observed. This "long-term" and "short-term memory" has been reported in other memristive devices and may be useful for synaptic modeling.
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VI. CONCLUSION
In summary, we have presented a variable conductivity nanocomposite device composed of NiO and PSi that functions as a memristor. This hybrid material system permits observation of variable conductivity behavior in macroscale devices by exploiting a nanostructured material to act as a large network of memristive elements. We have provided characterization of the nanocomposite showing heterogeneous hybridization of nanocrystallite-phase NiO with PSi in the form of XRD and EDX analysis. The nanocomposite devices exhibit the pinched hysteresis I V behavior indicative of memristive effects. We also show the electrical properties of the nanocomposite to vary with composite composition, possibly enabling the realization of tunable, large-scale, or high-power memristors. Importantly, we presented an empirical model for conductivity variation in these materials, which is based on interfacial energy variation due to ionic defect migration. This model agreed with experimental measurements and allowed estimation of ionic defect mobilities. Finally, we also demonstrate the state-persistence time of these devices to be on the order of 1000 s, indicating that these devices may serve as practical, economical, and potentially tunable memristive devices.
